Patterns of flavor signals in supersymmetric models 

Toru Goto/'^'LJ Yasuhiro Okada/'^'L] Tetsuo Shindou,^'^'l3 and Minoru Tanaka^'H 

^Theory Group, KEK, Tsukuba, Ibaraki 305-0801, Japan^ 

^YITP, Kyoto University, Kyoto 606-8502, Japan 

^Department of Particle and Nuclear Physics, 

The Graduate University for Advanced Studies 

(Sokendai), Tsukuba, Ibaraki 305-0801, Japan 

■ - - ^DESY Theory Group, Notkestrasse 85 D22607 Hamburg, Germany Q 

oo ■ 

O : ^SISSA/ISAS, via Beirut 2-4 1-34014 Trieste, Italy 

^ I ^Department of Physics, Graduate School of Science, 

D ' Osaka University, Toyonaka, Osaka 560-0043, Japan 






^ 



(Dated: February 13, 2008) 

Abstract 



Oj. Quark and lepton flavor signals are studied in four supersymmetric models, namely the minimal 

M-i| supergravity model, the minimal supersymmetric standard model with right-handed neutrinos, 



SU(5) supersymmetric grand unifled theory with right-handed neutrinos and the minimal super- 



CN ■ symmetric standard model with U(2) flavor symmetry. We calculate 5 — > s{d) transition observables 

•^ . in Bii and Bg decays, taking the constraint from the Bg — Bg mixing recently observed at Tevatron 

^ \ into account. We also calculate lepton flavor violating processes /x -^ 67, t —>■ jjj and r ^ 67 

for the models with right-handed neutrinos. We investigate possibilities to distinguish the flavor 
^ : structure of the supersymmetry breakiug sector with use of patterns of various flavor signals which 

are expected to be measured in experiments such as MEG, LHCb and a future Super B Factory. 
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I. INTRODUCTION 

The problem of flavors is one of the interesting aspects of particle physics. Results 
obtained at B factory experiments so far indicate that the Cabibbo-Kobayashi-Maskawa 
(CKM) mixing [1,] is the main mechanism of flavor mixing phenomena in the quark sector, 
although there still remains some room for new physics beyond the standard model (SM). 
On the other hand, in the lepton sector, neutrino experiments unveil large flavor mixings 
quite different from the quark sector [2, y, U, Isj. These mixings in the lepton sector are 
certainly beyond the SM, suggesting a new mechanism of flavor mixing. It is clear that 
flavor physics is a clue to new physics. 

In the coming years, we expect new experimental results from the energy frontier, that is, 
CERN Large Hadron Collider (LHC) [6]. LHC experiments will provide us with invaluable 
information on new physics. Among several candidates of new physics, supersymmetry 
(SUSY) is the most attractive and widely discussed [7|]. It is possible that some of the 
superparticles are discovered in the early stage of LHC experiments. 

One of the key questions in realistic SUSY models is to identify the mechanism of SUSY 
breaking. The SUSY breaking mechanism can be explored by determining the SUSY mass 
spectrum in LHC experiments at the energy frontier. On the other hand, the whole flavor 
structure of the SUSY breaking cannot be determined by the energy frontier experiment 
alone. There is no a priori reason to exclude flavor changing soft SUSY breaking terms in 
the squark and the slepton sectors, and some of them are already strongly restricted by the 
existing low energy experimental data p, l9[. It means that we can extract important aspects 
of the SUSY breaking mechanism from flavor physics. 

Two new flavor experiments are under construction, and several others are proposed. 
The MEG experiment |[10|, which intends to search for the lepton flavor violating (LEV) 
process fi ^67 at a branching ratio down to 10~^^, will start data taking soon. The LHCb 



experiment Uj, ll2| is another dedicated flavor experiment under construction and will be 
ready by the LHC startup in 2008. It is designed to observe several rare decays and CP 
violations in B and Bg decays. There are plans of future Super B Eactories under discussion 
|l3l . 1 14 . Ilq l . In addition to measure several B decay observables with higher statistics, it 
is expected to search for LEV processes in tau decays at a branching ratio of 10~^. These 
new flavor experiments themselves and their interplay with LHC experiments at the energy 



frontier will augment our knowledge on flavors and eventually new physics. 

Several strategies are possible in order to study the implication of the past and present 
experimental data on SUSY models and predictions of flavor signals in future experiments. 



One of them is a model- independent method based on the mass insertion [16|, ll7|, ll8| . In 
this approach, a general set of off-diagonal matrix elements (mass insertions) of the squarks 
and the sleptons is assumed, and one (or two) of the elements is (are) activated in order 
to obtain a bound from a specific experiment. Repeating this procedure for every relevant 
experiment, a list of bounds for the possible mass insertions is obtained. This list is used to 



evaluate flavor signa. 
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20 



21 



s m 



22 



uture experiments. As an opposite way, a model specific analysis 
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261]. In this approach, one specifies a SUSY model with 



a well-defined SUSY breaking sector and analyzes one (or more) selected flavor signal(s). 
In this way one can make definite predictions on observable quantities in flavor changing 
processes provided that the relevant model parameters are given. 



In our previous works 



27 



we adopted a different approach. We selected three well- 
motivated SUSY models: the minimal supergravity (mSUGRA), the SU(5) SUSY grand 
unified theory (GUT) with right-handed neutrinos, and the minimal supersymmetric stan- 
dard model (MSSM) with U(2) flavor symmetry. Each of these models has a distinct flavor 
structure in its SUSY breaking sector at the electroweak scale. Then, we investigated vari- 
ous flavor signals in these models in a unifled fashion. This approach allows us to evaluate 
flavor signals deflnitely and to discuss the possibility to distinguish several different flavor 
structures in the SUSY breaking sector in future flavor experiments. The quark flavor signals 
which we studied are the CP violation parameter sk in the K^ — K^ mixing, the Bd — Bd and 
the Bg — Bg mass splittings {ArriB^ and Atub^ respectively), CP asymmetries in B -^ J /ipKg 
and related modes, the direct and the mixing-induced CP asymmetries in 6 — > 37, and the 
CP asymmetry in B -^ <pKs- An LFV process /i ^ 67 was studied in addition. Comparing 
predictions of the models with each other, we showed that the study of quark flavor signals 
at low energies could discriminate several SUSY models that have different flavor structures 
in their SUSY breaking sectors. 

In the present work, we extend our previous works. New features and improvements of 
the present work are the foUowings. 

(i) In addition to the three models, we consider the MSSM with right-handed neutrinos 
and the seesaw mechanism without GUT. 



(ii) Three cases of the low energy neutrino mass spectrum and three types of Ansatze for 
the neutrino Yukawa couphng matrix are studied. 

(iii) New and up-to-date experimental data are incorporated. In particular Aitib^ measured 
by the CDF and D0 experiments at Fermilab Tevatron affects predictions of several 



B decay modes 
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29|. 



(iv) LEV tau decays and their implications are examined. 

(v) As computational improvements, two-loop renormalization group equations for the 
MSSM (with right-handed neutrinos) parameter running and one-loop threshold cor- 
rections at the electroweak scale are implemented. 

With these new features and improvements, we pursue the possibility to distinguish the flavor 
structure of the SUSY breaking sector by low energy flavor experiments and to understand 
the SUSY breaking mechanism consequently. 

A brief summary of our analysis is as follows. We expect significant flavor signals in the 
lepton sector for the models with right-handed neutrinos if the neutrino Yukawa coupling is 
0(1). In the MSSM with right-handed neutrinos, depending on the texture of the neutrino 
Yukawa coupling matrix, some of the LFV processes, /i — *> 67, r ^ /i7 and r ^ 67 could be 
discovered in near future. In the SU(5) SUSY GUT with right-handed neutrinos, in addition 
to the above texture dependent signals, /x — ;> 67 can be close to the present experimental 
bound due to GUT interactions. As for the quark flavor signals, CP violating asymmetries in 
b —>■ s and b —>■ d transitions can be signiflcant in the SU(5) SUSY GUT with right-handed 
neutrinos and in the U(2) model. Enhanced modes vary according to the texture of the 
neutrino Yukawa coupling matrix in the SU(5) SUSY GUT with right-handed neutrinos. 
Our analysis indicates that clarifying a pattern of the quark and lepton flavor signals is an 
important step to determine the correct SUSY model. 

This paper is organized as follows. In Sec. [TTl the models are presented and the relevant 
SUSY parameters are introduced. Our numerical analysis with the experimental inputs 
and the outline of computational procedure are shown in Sec. IIIII Conclusions are given in 
SecIVl 



II. MODELS AND SUSY PARAMETERS 



A. Models 



In this section, we give a brief description of the models considered in this paper. They 
are well-motivated examples of SUSY models, and are chosen as representatives that have 
distinct flavor signals. Every model is reduced to the MSSM at low energy scale, which is an 
SU(3)^ X SU(2)^ X U(l)y supersymmetric gauge theory with the SUSY being softly broken. 
The MSSM matter contents are the following chiral superfields: 

g,(3,2,^), U,{3,l,-h, A(3,l,b, 

D 6 6 

L,{1,2,~), Ei{l,l,l), (^ = 1,2,3) 

^i(l,2,-i), i^2(l,2,^), (1) 

where the gauge quantum numbers are shown in parentheses. The MSSM superpotential 

can be written as 

Wmssm = y%D,QjH^ + y'iUrQjH^ + y%E,L,H^ + ^iH^H^ , (2) 

with an assumption of -R-parity conservation and renormalizability. The SUSY breaking 
effect is described by the following soft SUSY breaking terms in the Lagrangian. 

+ mH^h\hi + m\j^h\h2 - {Bfihih2 + H.c.) 
+ (j^iju\qjh2 + A%d\qjhi + A|g|/~/ii + H.c.) 

^Mli,,MlWW^^BB, (3) 

where g,, u\^ d\^ k, e], hi, and /i2 are the corresponding scalar components of the chiral 
superfields given in Eq. ([T]), and g, W, and B are SU(3)(;^, SU(2)^ and U(l)y gauge fermions, 
respectively. 

1. The minimal supergravity model 

The mSUGRA consists of the MSSM sector and a hidden sector where the SUSY is 
assumed to be spontaneously broken. Only a gravitational interaction interconnects these 



two sectors. This gravitational interaction mediates the SUSY breaking effect from the 
hidden sector to the observable MSSM sector, and the soft breaking terms in Eq. are 
induced in the following manner: 

A'^ = moAoyjj , A*^ = rrioAoy^ , A'^ = moAoy% , (4) 

Ml = M2 = Mg = mi/2 , 

where we assume the GUT relation among the gaugino masses. The above relations are 
applied at the energy scale where the soft breaking terms are induced by the gravitational 
interaction. We identify this scale with the GUT scale {^g — 2 x lO^^GeV) for simplicity. 
Thus the soft breaking terms are specified at /ic by the universal scalar mass, itiq, the 
universal gaugino mass, ?7ii/2, and the universal trilinear coupling, Aq. The soft breaking 
terms at the electroweak scale are determined by solving renormalization group equations. 
In this model, the only source of flavor mixings is the CKM matrix. New flavor mixings 
in the squarl 
corrections 

physically independent CP phases. We take the complex phase of the /i term (0^ = arg/i) 
and the phase of Aq {(f) a = argAo) as the new CP phases while we take the gaugino mass 



i sector at the electroweak scale come from the CKM matrix through radiative 
~ Q. I. addition to the CP phase ,„ the CKM ,„at.i.. the. ea. be two 



?7ii/2 as real and positive by convention, 
electron electric dipole moments (EDMs) 
these phases are very severe. 



lese CP phases contribute to the neutron and 



3d, 
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and experimental constraints on 



We assume that the generation mechanism of neutrino masses in this model does not 
affect the flavor mixing in the SUSY sector. For example, in the mSUGRA model with 
right-handed neutrinos, which is described bellow, the effect of the neutrino mass on the 
flavor mixing in the SUSY sector is negligible in a small right-handed neutrino mass limit. 

2. The MSSM with right-handed neutrinos 

Recent developments of neutrino experiments have established the existence of small 
finite masses of neutrinos. A simple extension of the mSUGRA model for giving small finite 
masses of neutrinos is introducing gauge singlet right-handed Majorana neutrino superfields. 



A^j (i = 1, 2, 3). This is known as the type I seesaw mechanism [35|. The superpotential can 
be written as 

Wmssm.« = Wmssm + {vnTN^L^H^ + ^(M^)^^iV,iV,- , (5) 

which leads to the following higher dimensional term 

AW, = ~Kl^{UH,){L^H2), K, = {ylr\M^'f\yNy^ , (6) 

after heavy fields iVi,2,3 are integrated out at the energy scale below the Majorana mass scale 
(= yU/j). This higher dimensional term yields the neutrino mass matrix by the electroweak 
symmetry breaking as 

{m,y^ = {K,f{h,Y . (7) 

Taking the basis in which the charged lepton mass matrix is diagonal, one can obtain the 
observable neutrino mass eigenvalues and the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) 
mixing matrix 



36l | as 

{m.r = iV^uNsy'm^.iV}MNs)'' ■ (8) 

From the neutrino oscillation experiments, it is known that there is a hierarchy among the 
two squared mass differences as |m^g — m^^l ^ l^^^2 ~" "^^J- ^^ define ui and z/2 so that 
rriiy^ > ^ui- Therefore there are two possibilities for the neutrino mass hierarchy when the 
mass of the lightest neutrino is much smaller than the mass splittings. 

• Normal hierarchy: m^y.^ ':^ rrij^^ > rriu^^ 

• Inverted hierarchy: rriy^ > rriy^ ^ rriy^. 

When the overall mass scale is much larger than the mass splittings, all the three neutrinos 
are nearly degenerate in mass. In the present analysis we take 

• Degenerate: m^^ > m^^ > m^,. 

For numerical calculations, we consider three sets of low energy neutrino parameters corre- 
sponding to the above three cases. 



As for the soft breaking terms, scalar mass terms, A terms and B terms of sneutrinos. 



uj, are added as 



_^MSSM., ^ _^MSSM ^ (^^).-^t^^. + ^^^^ri^h^ + [mlri^lD] + H.c.) . (9) 

We assume that the soft breaking terms are generated in a universal fashion at /i^, i.e. 



\ni 



2 \ij 
N) 



ml6'= , A% = m,Aoy%. (10) 



We neglect the m^ terms in the present work. These terms can significantly affect the 
EDMs, while contributions to the lepton flavor violation processes are sub-dominant [37 1. 

The new flavor mixing in the scalar lepton sector comes from the neutrino mixing through 
the renormalization group running between ^g and ^r. In the leading logarithmic approxi- 
mation, they are given as 

{mlr ^ - -^m2(3+ |Aon(2/)v2/iv)^^ln^ , (11a) 

{mlY^ ~0 , (lib) 

{A^r ^ - ^rnoAoyiiy^Nr In — , (He) 

for i ^ j. We numerically solve full RGEs in the actual analysis given in Sec. IIIII Conse- 
quences of these mixings on lepton flavor violating processes have been investigated from 
various aspects. Lepton flavor violating processes such as /x — > 67 are sensitive to the 
off-diagonal elements of yj^yN 



As we have discussed in the end of the last subsection, this model reduces to the mSUGRA 
model in the limit of i/tv -^ 0. For instance, the effect of fllip is negligible if /i^ ^ lO^^GeV. 
We consider three typical structures of the neutrino Yukawa couplings. 



degenerate ur case 

(^2) 



'^^/TTV ^ 

^/rn^ 
y y/m;7,J 



•^PMNS • (-'-2) 



This is a case that all the masses of the right-handed neutrinos are the same and there 
are no CP phases in the heavy neutrino sector. In Eq. fll2j) . M^ denotes the eigenvalue 
of the right-handed neutrino mass matrix, i.e. [M^Y^ = Mj^d'^K In this simplest case. 



the mixing in y^v should be identified with the PMNS mixing because there is no fiavor 
structure in M^. The large mixing in the PMNS matrix leads to large off-diagonal 
elements of y]^yN, which enhance the yU ^ 67 branching ratio. As we will see later, the 
SUSY breaking parameter space is strongly constrained by the present experimental 
limit in the normal hierarchy case. 



non-degenerate z/r (I) 



^yn 0^ 



yN 



(13) 



1/22 y23 

\ ^32 y33j 

In this case, the PMNS mixing arises from the above yjy and a non-degenerate mass 
matrix of right-handed neutrinos. Mat, as is described in Sec. IIIIBI Because yl^yN has 
the same texture as yN in Eq. ( TT3l) . /i ^ 67 is suppressed enough to satisfy the present 
experimental bound. As for other LEV processes, r — > 67 is also suppressed, while 
r ^ /i7 is not. The specific structure in Eq. (1131) could be an implication of electron- 
number conservation which works above the right-handed neutrino mass scale, fiji, 
and is broken by the right-handed neutrino mass matrix, M^. 



non-degenerate uji (II) 



'Vu yi3^ 



yN 



(14) 



1/22 
\y3i yssj 

This case is similar to the non-degenerate u^ (I) case, except that the first and the 
second generations are interchanged in y^. Accordingly, fi —>■ e'-f and t —>■ fij are 
suppressed, while we expect a larger branching ratio of r — i> ej. 



3. The SU(5) SUSY GUT with right-handed neutrinos 



The idea of supersymmetric grand unification is supported by the precise determination 
of three gauge coupling constants at LEP and other experiments in the last decade. In view 
of this, we consider SU(5) SUSY GUT with right-handed neutrinos as an extension of the 



MSSM with right-handed neutrinos. Here we follow the analysis of Ref. [23|, l27| and we give 
a brief description of the model. 

This model is defined by the following superpotential: 

Wsu(5)., = leatcde{Xurmr\T,r'H^ + {XDr{FMTjr'Hb 

o 

+ {XNfN0^),H'^ + ]^{Mr,rN,Nj +Wh + A>Vsu(5).« , (15) 

where i and j are generation indexes, while a, 6, c, d and e are SU(5) indices, eabcde denotes 
the totally antisymmetric tensor of the SU(5). Tj, Fj, and Ni are 10, 5, and 1 representations 
of the SU(5) gauge group, respectively. Qi, [7j, and Ei are embedded in Tj, Fi consists of Di 
and Lj, and Ni is identified with the right-handed heavy Majorana neutrinos. H (H) denotes 
a Higgs superfield in 5 (5) representation and includes Hc{S, 1, — |) and H2 {Hc{^, 1, |) 
and Hi). {XuY-' , (Ad)*"', and {XnY'' are the Yukawa coupling matrices, and {M]\fy^ is the 
Majorana mass matrix. The superpotential for Higgs superfields, Wh, contains terms with 
H, H, and S"f, which is a 24 representation of the SU(5) gauge group. It is assumed that a 
vacuum expectation value (VEV) of S°b, (S%) = diag(|, |, |, — |, — |)fG breaks the SU(5) 
symmetry to SU(3)(;. x 811(2)^ x U(1)y at ^g- ^y^sv{5)uR is a dimension five operator, which 
is introduced in order to reproduce the realistic mass relations between the down-type quarks 
and charged leptons, as explained in Ref. [27|. 

The supermultiplets with the masses of order of the GUT scale such as Hq and He 
are integrated out at /i^ and the effective theory below fie is the MSSM with the right- 
handed neutrinos described by the superpotential yVussMfn in Eq. (E]). The Yukawa coupling 
matrices in Eq. ([6]) are related to those in Eq. (ITSl) as {yuY-' = (Ajy)*-' and {yNY^ = (Aat 



\^3 



{XdY^ is determined from {yoY^ and {veY'^ 1 taking O^fic/f^p) corrections from AWs\ji5)uR 
into account |27|. 

There are additional degrees of freedom in the matching relations between yu,D,E,N and 
XuDNi which cannot be determined from the quark and lepton masses and the CKM and 



PMNS matrices at low energy 23|, 124, 1391]. In the present analysis, we introduce only two 



relative phase parameters for simplicity, which corresponds to Bl in Ref. 24 1. 



10 



The SU(5) invariant and renormalizable soft breaking terms are written as 

+ {ml)H\H'' + {ml)H*''H, + (^BuXuVcHaH'' + H.c. j + (terms with T.\ 

o 

+ {\NfNi{Fj)aH'' + i(M7v)'^M, + H.c. 
+ ^Mg^Gs, (16) 

where Tj, Fj, and Ni are the scalar components of Tj, Fj, and iVj, respectively; H and 
i7 stand for the corresponding scalar components of the superfields denoted by the same 
symbols; and G5 represents the SU(5) gaugino. We assume that the soft breaking terms are 
generated in a universal fashion at the Planck scale, /ip, i.e. 

M5 =mi/2 . (17) 

We solve the RG equations of the SU(5) SUSY GUT from np to hg with Eq. (TT7|) as 
boundary conditions at ^p, then those of MSSM with right-handed neutrinos between the 
Hg and hr. Finally, the squark and slepton mass matrices are obtained by the RG equations 
of the MSSM below ^iR. 

Unlike the previous two models, a large flavor mixing in the neutrino sector can affect the 
right-handed down type squark sector because the lepton doublets and the down quarks are 
embedded in the same representation of SU(5). For a similar reason, the CKM mixing in the 



quark sector contributes to the mixing in the right-handed charged slepton sector 20|, l21 |. 
For instance, the correction to m\ is given in the leading logarithmic approximation as 

{mlr ^ -^"^^(3 + |Aon(A[,A^)'^ln^ . (18) 

Quark flavor signals in models with a grand unification have been studied in literature 



|23|, 



24 



251]. It is shown in these papers that large contributions to eK and the yU — > 67 decay 



can arise from the new source of flavor mixing in the neutrino sector. 
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We study the same patterns of neutrino Yukawa couplings as those in MSSM with right- 
handed neutrinos, i.e. degenerate ur, non-degenerate uji (I) and non-degenerate ur (II) 
cases. 

4. A model with U(2) flavor symmetry 

There is a class of models which are intended to solve the flavor problem of the MSSM 



by introducing appropriate symmetry structure. U(2) flavor symmetry 40|, |4l|] is a typical 



example of such models. We consider the model given in Ref. J4l|. In this model, the quark 
and lepton supermultiplets in the first and the second generations transform as doublets 
under the U(2) flavor symmetry, and the third generation and the Higgs supermultiplets 
are singlets under the U(2). In addition to the ordinary matter fields, we introduce the 
following superfields: a doublet $*(— 1), a symmetric tensor S'*-'(— 2), and an antisymmetric 
tensor A*-' (—2), where i and j run over the first two generations and the numbers in the 
parentheses represent the charge of the U(l) subgroup. 

The U(2) invariant superpotential relevant to the quark Yukawa couplings is given as 
follows: 

>Vu(2) =Yu (U3Q3H2 + ^"^'UiQsH^ + ^U3<^ViH2 



S'm,Q,H2 + -^A'^U,QjH2 



+ Yd (dsQ3H^ + ^<^W,QsH^ + ^D^^^Q.H, 

\ Mp Mp 

+^SW,Q,H, + ^AW,Q,H,^ , (19) 

where Mp is the scale of the flavor symmetry, and Yq, aq, bq, cq, and dq {Q = U,D) 
are dimensionless coupling constants. Dimension five and higher dimensional operators are 
neglected in the superpotential in Eq. flTI?|) . Absolute values of the above dimensionless 
coupling constants except for Yp, are supposed to be of 0(1). 
The breaking pattern of the U(2) symmetry is assumed to be 

U(2) -^ U(l) -^ no symmetry , (20) 

in order to reproduce the preferable quark Yukawa coupling matrices which can explain the 
mass eigenvalues and the mixing of quarks. The first breaking is induced by VEV's of $* 

12 



and S^^ , and the second one by a VEV of A^^ . These VEV's are given as 



($^) 



6''e, 



{S'^) 



S'' 6^'e, 



(A'') 



e'^e' 



(21) 



Mp ' Mp Mp 

where e and e' are taken to be real without loss of generality. Because e and e' are order 
parameters of the U(2) and U(l) symmetry breaking respectively, they satisfy e' ^ e. Note 
that (S'*-') is chosen to leave the U(l) unbroken. With the breaking pattern given in Eq. (|20ll . 
we obtain the quark Yukawa coupling matrix yq as 

^ age' ^ 
?/3' = Yq -aQt' dge bge , Q = U,D. (22) 

y cge 1 J 

The U(2) symmetry controls not only the superpotential but also the soft breaking terms. 
After the U(2) broken with the pattern in Eq. (EUj) . the squark mass matrices m\ can be 
obtained as 



m 



X 



m, 



X\2 



10 

1 + rf,e2 r^^e 



\ 



V 



'23 



23 '^ 
33 



,X = Q,U,D 



(23) 



where rf, are dimensionless parameters of (9(1). As for the squark A terms, they have the 
same structure as the quark Yukawa coupling matrices: 



^ ~aQe' ^ 



A 



V 



A^nYn 



V 



Q = U,D. 



(24) 



-age' dqe bge 
cge 1 J 

In general, though being of C(l), ag, bq, cq, and dq take different values from the corre- 
sponding parameters in Eq. ([221), ^^"^ ^^ expect no exact universality of the A terms in this 
model. 

With the help of the U(2) symmetry, the masses of the first and second generation squarks 
are naturally degenerate. On the other hand, the mass of the third generation squarks may 
be separated from the others. There exist flavor mixings of 0{e) between the second and 
the third generations of squarks. These are new sources of flavor mixing besides the CKM 
matrix. 



13 



There are several efforts to explain the observed neutrino masses and mixings in SUSY 



models with the U(2) ffavor symmetry (or its discrete relatives) 421]. Unlike the quark 
sector, application of the U(2) symmetry to the lepton sector is not straightforward because 
of the large mixings of the neutrinos. Therefore we focus on the quark sector in the following 
analysis, taking the same boundary conditions as Eq. (jlj) for the slepton sector. 

B. Treatments of radiative breaking of the electroAveak symmetry 

In the models we consider, SUSY parameters such as mo, mi/2, ^o ete. are given at the 
high energy cut-off scale. In order to analyze flavor signals, we need to connect the parame- 
ters at the cut-off scale and those at the electroweak scale with help of the renormalization 
group equations. In the present work, we adopt the following procedure to determine the 
parameters at the electroweak scale. 

1. The masses of quarks and leptons and the mixings (the CKM and PMNS matrices) 
are given as inputs at the electroweak scale, nw = Mz- These masses are running 
masses in the standard model. The Yukawa couplings and the coupling matrix of the 
dimension five operator K,, in Eq. ([6]) are determined by these masses and another 
input parameter tan/? = (/i2)/(/ii). 

2. Two- loop RGEs for the Yukawa couplings and K,^, as well as the gauge coupling 
constants, are solved up to a high energy cut-off scale with the boundary conditions 
given at fiw The cut-off scale is taken as the GUT scale, /ig, for the mSUGRA, the 
MSSM with right-handed neutrinos, and the U(2) model and the Planck scale, /ip, for 
the SU(5) SUSY GUT with right-handed neutrinos. By this procedure, we calculate 
the parameters in the superpotential at the cut-off scale. A schematic picture of the 



cut-off scale involved in these models is displayed in Fig. [H Here, the DR scheme [43 1 
is adopted as a renormalization scheme. 

In the MSSM with right-handed neutrinos and SU(5) SUSY GUT with right-handed 
neutrinos, we decompose K,^ to yjy and M^ at the fiR scale so that they satisfy the 
seesaw relation, Eq. i^. In the SU(5) SUSY GUT with right-handed neutrinos the 
parameters in Wsu{5)j^fl are matched with the MSSM with right-handed neutrinos at 
the GUT scale, /ic- 
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mSUGRA C 



MSSM with RN I I^^C^^^ 



SU(5) GUT with RN I k\\\\\P999i 

U(2) model I ~i 



MS tJ-R fJ-G ^J■P 

I I MSSM ^^N^^ MSSM+RN '(^^999\ SU(5)+RN 

FIG. 1: The cut-off scales and the models. RN stands for right-handed neutrinos. 

3. The boundary conditions for the soft SUSY breaking parameters are set at the cut- 
off scale as Eq. @ for the mSUGRA, Eq. @ and 1^ for the MSSM with right- 
handed neutrinos, Eq. flTTl) for the SU(5) SUSY GUT with right-handed neutrinos, 
and Eq. (1231) for the U(2) modeL We take the same boundary conditions for the A 
parameters in the U(2) model as the mSUGRA case for simplicity. 

4. With help of two-loop RGEs, we evaluate the soft breaking terms at a typical SUSY 
breaking scale, fis = ITeV, and calculate the SUSY masses and mixings at the leading 



order which are considered as DR masses. For the masses of the Higgs bosons, the 
one loop corrections are included. 

Then we set the value of fi and B so that the tadpole diagrams of the Higgs bosons 
up to one loop level vanish. 

Then running the fi to the electroweak scale Mz, we obtain the fi at Mz- 
5. The SUSY threshold corrections to the gauge couplings and the masses of quarks 



and leptons are evaluated in order to determine DR gauge couplings, DR Higgs vev. 



and DR masses of the matter 



couplings, according to Ref. [44 1 



'ermions in the MSSM which lead to the DR Yukawa 



6. We iterate from [2] to [5] in the above list until the numerical behavior converges. 

7. The physical mass spectrum of SUSY particles is calculated at the Mz scale up to 
one loop level 4^. The flavor observables are also calculated with the parameters 



determined at the Mz scale. 
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In comparison with the previous work, two-loop RGEs for the running of SUSY param- 
eters are used and the one loop SUSY threshold corrections at the electroweak scale are 
included in the calculation of this work. 

III. NUMERICAL ANALYSIS 

A. Flavor observables 

The flavor observables considered in the following are the K^ — K^, Bd — Bd and Bg — Bg 
mixings, both the direct and mixing induced CP asymmetries of 6 — ;> 57 and h — > ^7, 
and the time dependent CP asymmetry of -B ^ <pKs- The branching ratios of the lepton 
flavor violating decay processes /i -^ 67, r — > ^^7 and r — i> 67 are also evaluated in the 
MSSM with right-handed neutrinos and SU(5) SUSY GUT with right-handed neutrinos. As 
mentioned in Sec. Ill A 41 we do not consider the flavor signals in the lepton sector for the 
U(2) model. Here we show the calculation methods of the flavor observables br iefly . Detail 



on the calculation methods of the flavor observables is available in Ref. 



23 



27 



28| 



1. K — K and B — B mixings 

The K^ — A'°, Bd — Bd and B^ — Bg mixings are described by the effective Lagrangian of 
the following form: 

Uf=2 =CLL{q2rQLa){qh,QLp)+CnRiq%rQna){qh,QRp) 

+ Cifk<tRQLaMQRp) + C^lMQlpMQRc.) 
+ C^^MQLaMQLp) + CfliqlQLpMQLo.) 

+ C^rMQrcMQrp) + &il{qlQRpMQRa), (25) 

where (g, Q) = {d, b), (s, b) and {d, s) for the Bd — Bd, Bg — Bg and K^ — K^ mixings, 
respectively, and the suffices a and (3 denote color indices. New physics contributions to 
the Wilson coefficients C's, as well as the SM ones, are obtained by calculating relevant 



box diagrams. Explicit formulae of the coefficients are found in e.g. Ref. 23|]. The mixing 
matrix elements Mi2{Bd), Mi2{Bs), and Mi2{K) are given as 

Mi2(P) = -^{P\Caf=2\P), (26) 
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P /p(MeV) Bp Bp^'-^^ Bp^''^^ Bp^^^^ Bp^^"^^ 
K 159.8 0.63 1.03 0.77 0.59 0.85 
Bd 198 0.87 1.15 1.72 0.79 0.92 
Bs 239 0.87 1.16 1.75 0.80 0.94 

TABLE I: Decay constants and bag parameters for the B^ — B^ and the K^ — K^ mixing matrix 



elements [43] used in the numerical calculation. Here fK is the experimental value. 



where P = Ba, B,, K°. 

In the evaluation of the matrix elements {P\C^f=2\P), we parameterize the matrix ele- 
ments of the operators in Eq. fl2^ as 

{K'\{dirsLa){dh,sr.p)\K') J-mlflBK, (27a) 

{Krdls,^){disn,)\K') =\ (^^\ mlflBi^^'\ (27b) 

/ ynis + mdj 

{K\dls,,){disn.)m =\ (-;^X^KfKB'/^"\ (27c) 

D yTUg -\- Tild / 

{K'^\id2snaMsn,)m = - -| f^T^V ^/^^^'^ (27d) 

{K\d2sn,){4sRa)m =^ f^^y </i5r'\ (27e) 

iz \ms + mdJ 

where B^-, Bj^ , and Bj^ ' are bag parameters. B — B mixing matrix elements are also 
defined in the same way. The bag parameters of B and K mesons and the decay constants 



of the B mesons are evaluated by the lattice QCD method 45|]. We list the numerical values 
used in our calculation in Table [B 

The observables Ek, ^f^B^ and Aitlb, are expressed in terms of M12 as 

^K 1=- , (2SJ 

\'2i\mK 

AmB, =2|Mi2(5rf)|, (29) 

AmB^=2|Mi2(5,)|. (30) 
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2. CP asymmetries in B meson decays 

The time-dependent CP asymmetry in the B^ decays to a CP eigenstate /cp is given by 

, - , , ^ : =Acv[Bd -^ fcp) cos Amo^t 

+ Scp{Bd -^ /cp) sin Am^^t , (31) 

where Aqp and Sep are direct and indirect (mixing-induced) CP violation parameters, re- 
spectively. 

For /cp = J/i^Ks, the b -^ ccs decay amplitude is assumed to be dominated by the 
tree level Standard Model contribution. Consequently, the direct CP asymmetry Aqp {B^ —>■ 
J/ipKs) is negligibly small. The weak phase of the h -^ ccs decay amplitude comes from a 
product of the CKM matrix elements VcbV*^, which is almost real by convention. Therefore 
we can write 

— , - , , ; ^ ; T\ ; r = JCP\Bd -^ J/wKs) sm Amn,! , {62) 

Scp{Bd -^ J/i^Ks) = sin(/)M , (33) 

with 0M being e'^^' = Mi2(Srf)/|Mi2(Srf)|. In the Standard Model, 0m = 20i = 
2 aig{—V*fycd/iV-^lVtd))- Experimentally, sin^^f can be determined by combining decay 
modes with the b -^ ccs transition such as Bd -^ J/ipKs, Bd -^ J/ipK^, and Bd — > ''P'Ks- 

The time-dependent CP asymmetry in the Bg decay is formulated in the same way. Bs — >■ 
J/ip4' is the b —>■ ccs mode of the Bg decay, which corresponds to Bd -^ J /ipKs- The mixing- 
induced CP violation parameter Scp{Bs -^ J/'^P'P) is written as Scp{Bs — > J/4'(p) = sin0Ms 
where (pMs is defined as e*'^*^» = Mi2(-Bs)/|Mi2(-Bs)|- In actual extraction, the angular 



analysis is needed to separate CP odd and even contribution [l2|, |46|. The Standard Model 
prediction is given as sin0AfJsM — ~0.04. 

We also consider the decay mode Bd -^ <t>Ks, which is supposed to be a pure b — > sss 
process. The mixing- induced CP asymmetry Scp{Bd -^ (pKs), is given as 

Q rR ^^ ^ 2Im(e--'^^M^) 

where A and A denote decay amplitudes of Bd — > (pK and Bd -^ (pK respectively. This 
quantity is expected to coincide with Scp{Bd -^ J/ipKs) within the SM. If there is sizable 
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deviation, this will be an evidence of new physics beyond the SM in 6 ^ s transition. The 
calculation of the decay amplitude involves sizable uncertainty. Here we use a method based 



m 



on the naive factorization. Details of the calculation of A are given in Refs. [24 , 

As for the b ^ q'y {q = s, d) decays, both direct and mixing- induced CP asymmetries are 
considered, as well as the branching ratio B(6 ^ 57) which provides a significant constraint 
on the parameter space. Relevant effective Lagrangian is given as 



C =C2l02l + C'^lO'^l - C^lOjl - C^lO^l + {L ^ R) 
The operators O's are 

O2L ={Qa7^CLa){Cf3YbLI3) , 

C2L ={QaYuLa){UpYbLp) - {qaYcLa){CpYhfi) 

O7L 



c 



iq 



6 % 

■Y^'mbq-[l^.l'']hRF^,, 



o. 



8L 



93 



■m.ri[7^71^iJ&K^^ 



flU 5 



(35) 

(36a) 
(36b) 

(36c) 
(36d) 



where g is s or (i for 6 -^ 57 or 6 -^ d'y decays, respectively. C^q denotes the terms with four- 
quark operators induced by loop effects. The Wilson coefficients C2L and 6*2^ are dominated 
by the contributions from the tree level W boson exchange. Therefore, C21 = ^uC2L is 
satisfied, where e„ = —V^^Vub/iyZVtb). The direct CP asymmetry in the inclusive decays 
B — > Xg7 (g = s, d) is given as [48] 

r(^ ^ X,7) - TjB ^ X,-7) 

"r(5-.x,7) + r(5^x,-7) 

03 ..... . ^ ^. . 80 



A^UB^Xq^) 



7^i\C-rL\^ + \Cm\ 



Imralm [(1 - eJCaiC;^] + —7Tlm{e^C2LC;L) 

oi 



+ -TTlmiCsLC;^) - Im/27lm [(1 - eJCsLC;^] 



-t- -Im/27lm [(1 - eJC2LC*J + (L ^ R) 



(37) 



where the functions r2 and /27 for B -^ Xs'j are found in Ref. [49|. The mixing- induced 
CP asymmetry is defined for an exclusive B^ — > Mq'y decay. Mq denotes a hadronic CP 
eigenstate which includes a strange or down quark such as K* (for q = s) and p {q = d). 
ScpiBd -^ Mq'y) is given as [50| 



ScpiBd -^ M,7) 



\o 



7L\ 



\0 



7R\ 



(38) 
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h 


Cu Cd 


c 








c^ Ref. 


n(NDA) 


1 4 
~3 3 


-'-' 

3 47r 


4 e 
3 47r 







-^^s^- ^ 


n(ChPT) 





1.6e 


1.3e 




0.26e 


[3^ 


Hg 





0.0087e 


-0.0087e 


4.4 


X lO-^e 


[34] 



TABLE II: Hadronic factors used in the calculation of EDMs. 
3. Lepton flavor violation 

The effective Lagrangian for the lepton flavor violating Ij -^ li'j decay is written as 
where Pr = (1 + 75)/2 and P^ = (1 — 75)/2. The decay width is given by 

r(/,-/.7) = ^mf^(l^)!P + l4n ■ (40) 

4- Electric dipole moments 

Electric dipole moment df of a fermion / is defined as the coefficient in the effective 
Lagrangian 

^=ldjf'-[r,Y]l^fF,.. (41) 



In addition, chromo-electric dipole moments of quarks and the three-gluon operator 5l| are 
taken into account for hadronic EDMs. Relevant effective Lagrangian is written as 



We ca 



culate df for quarks and leptons and d'^ with all the one-loop SUSY contributions 



30, ImI and two-loop contributions given in Ref. |32|. d"^ is calculated according to Ref. |31| 



The neutron and the mercury EDMs, d{n) and d{B.g), respectively, are written as linear 
combinations of dq, d^ and d'^: 

dih) = J2 hWdq + cj(/i)<] + c^ih)d^ , h = n, Hg. (43) 

q=u,d,s 

Values of the coefficients used in our calculation are given in Table [TTl 
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There are large uncertainties in the estimation of the hadronic EDMs. Here we use the 
value of the neutron EDM obtained by the formulae based on the naive dimensional analysis 



(NDA) 31| . On the other hand, it has been pointed out that an evaluation with use of the 



chiral perturbation theory (ChPT) may give a much larger value of the neutron EDM, due 



to the chromo-electric dipole moment of the strange quark 3^. We later discuss how the 
numerical results change if the latter is applied. 

B. Input parameters and experimental constraints 

As input parameters at the low energy, the mass eigenvalues and the flavor mixing matri- 
ces of the quarks and leptons are used. We take the top quark mass as mj(pole) = 170.9GeV. 

The CKM matrix elements V^s, Vet, and \Vub\ are determined by measurements of the 
processes which are supposed to be dominated by the SM tree level contributions. We 
adopt Vus = 0.224 and Vcb = 0.0416 in the following calculations. As for the \Vub\, because 
the uncertainty is relatively large, we vary \Vub\ within a range 3.0 < |Vufe|/10~'^ < 4.7. The 
CKM phase is not yet determined by tree level processes free from new physics contributions. 
Therefore we vary the CKM phase 03 = arg(-\41,Kd/K*i,Vcd) within < 03 < 180°. 

In the models with neutrino masses, we need to specify the parameters in the neutrino 
sector in addition to the quark Yukawa coupling constants. As explained in Sec. IIIA2t 
we consider three cases for the low energy neutrino mass spectrum and three types for the 
structure of the neutrino Yukawa coupling matrix. Among nine possible combinations, we 
show the results of the following five cases: 

• Degenerate uji, normal hierarchy (Dz//j-NH); 

• Degenerate pr, inverted hierarchy (Dz//j-IH); 

• Degenerate ur, degenerate (Dz/^-D); 

• Non-degenerate ur (I), normal hierarchy (NDz/ii;(I)-NH); 

• Non-degenerate ur (II), normal hierarchy (NDz/r(II)-NH). 

In the non-degenerate ur cases, we have found that the results do not change much when we 
take other low energy neutrino mass spectrum, since the neutrino Yukawa coupling matrix is 
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m^ — m^ (eV ) lightest v 



Normal hierarchy 2.5 x 10 niy-^ = 0.003eV 



Inverted hierarchy —2.5 x 10 m-jyg = 0.003eV 

Degenerate 2.5 x lO^'^ niy^ = O.leV 

TABLE III: Input parameters for the low energy neutrino masses. 1 — 2 splittiong is fixed as 



m':,„ — mT„ = 8.0 x 10 ^eV in all cases. 



^2 - "^li 



essentially independent of the low energy neutrino mass spectra. As for the mass eigenvalues, 
we fix ml^ — ml^ = 8.0 x 10~^eV^ in all cases. The values of m^^ — ml^ and the lightest 
neutrino mass are shown in Table IIIII We take the PMNS mixing matrix as 



' C0C13 SqCi3 Si3 ^ 



V, 



PMNS 



(44) 



^■^oCatm ~ CQ^atm-^lS CQCatm ~ ■^oSatm-^lS -^atmCia 
\ ■SQSatm ~ C0Catm'5l3 "CQ^atm ~ ■S0Catm'Sl3 CatmClS / 

(cj = COS 9i, Si = sin6'j) with sin^ 26'atm = 1? tan^ 6'q = 0.4, and sin^26'i3 = 0. These mixing 
angles are consistent with the observed solar and atmospheric neutrino oscillations [2], the 
K2K experiment [SJ], and the KamLAND experiment ^. Only the upper bound of sin^2^i3 
is obtained by reactor experiments [Sj, and we take the above value as an illustration. We 
ignore the Dirac and Majorana CP phases in the neutrino sector for simplicity, though they 
can affect the analysis of the lepton flavor violations [Sj] . 

The neutrino Yukawa coupling and the right-handed neutrino mass matrices have eighteen 
independent parameters in general. Nine of these parameters are determined by the low 
energy neutrino parameters, namely three masses m,^^^^ and I^pmns (three mixing angles and 
three phases). There remain nine free parameters to specify the neutrino Yukawa coupling 
and right-handed neutrino mass matrices. In the degenerate u^ case, these parameters are 
fixed by the assumption {M^Y^ = M^5''^ , so that y]^ is determined as Eq. (TT^ . In the 
non-degenerate vr cases, we take yi^ as inputs for the extra nine parameters. We generally 
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Case 


yi/m h/m ^12 


S23 Si3 5i3 V^is ^"23 


(I) 
(11) 


0.329 0.628 
0.534 1.014 


-0.666 
0.435 



TABLE IV: Input parameters for the neutrino Yukawa coupling matrix in the non-degenerate vr 



cases. 



parametrize the yisi as 



Vn =yNVL , (45) 

Vn =diag(yi, ^2, h) , (46) 



' C12C13 S12C13 siae *^"^ 



V, 



L 



""■312^23 — Ci2S23Si3e* ^^ C12C23 — 512523^136* ^^ S23C13 

^12^23 ~ Ci2C235l3e* " " C12S23 — ^120235136* ^^ C23C13 



X diag(e^^», e'^^\ i)e-^fe+fe)/3 ^ (47) 

where Sij = sin 6ij and Qj = cos % . The right-handed neutrino mass matrix is written as 

Mm =yNVLK;'V^m ■ (48) 

After calculating M^, we rescale yN (and Mat) such that M^ satisfies det Mn = jj^r- There- 
fore, the nine input parameters are ^1/^3, ^2/^3, S12, S23, S13, ^13, V'13, ?/'23 and ^ir. We 
take the input parameters as shown in Table \YV\ which provide us appropriate y^ of the 
structure flT^ and flT^ . With use of these input parameters, as well as the low energy 
neutrino mass spectrum of the normal hierarchy, we obtain the eigenvalues of y^ and M^ 
at ^iR scale for //^ = 4 x lO^^GeV and tan/? = 30 as ijN = {0.213, 0.406, 0.647} and 
Mn = {2.58, 9.95, 2.49} x lO^^GeV in Case (I) and {Jn = {0.250, 0.469, 0.476} and 
Mn = {1-05, 10.2, 5.93} x lO^^GeV in Case (II). 

As for the SUSY parameters, we take the convention that the unified gaugino mass wii/2 
is real. As already described in Sec. Ill A 1\ it is known that 0^ is strongly constrained 
j^the upper bounds of EDMs, while the corresponding constraint on (pA is not so tight 



30, l3l|]- Thus we fix 0^ = 0° (/i > 0) at the electroweak scale. We scan the SUSY breaking 
parameters within the ranges < mo < 4TeV, < ^1/2 < 1.5TeV (0 < M^{^g) < 1.5TeV 
for SU(5) SUSY GUT with right-handed neutrinos), \Ao\ < 4 and -180° < (pA < 180°. 
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In the SU(5) SUSY GUT with right-handed neutrinos, we also vary the two phase param- 
eters, which are introduced at the GUT scale matching as mentioned in Sec. Ill A 31 within 
the whole range {-180°, 180°}. 

In the U(2) model, the flavor symmetry breaking parameters e and e' are fixed to be 
e = 0.04 and e' = 0.008, and the parameters in the quark Yukawa coupling matrices are 
determined so that the CKM matrix and the quark masses are reproduced. There are six 
independent 0(1) parameters in the quark Yukawa coupling matrices of the form (1221) for 
given quark masses and the CKM matrix. We scan those free parameters as inputs. For the 
squark mass matrices ( l23l) . we make an assumption 



m, 



Q2 



m. 



U2 



m, 



D2 



m, 



5 



(49) 



and scan the range of rriQ as < mo < 4TeV. Dimensionless parameters in Eq. ( l23l) are 
varied within the ranges 0.4 < r^ , r^^ , |r^| < 2.5 and —180° < argr^ < 180°. We assume 
that the boundary conditions for the A parameters are the same as the mSUGRA case for 
simplicity^ . 

In order to constrain the parameter space, we consider the following experimental results: 

• Lower limits on the masses of SUSY particles and the Higgs bosons given by direct 
searches in collider experiments [531]. 



branching ratio of the b ^ s-f decay: B(6 -^ 57) = (3.55 ± 0.24+^:^|] ± 0.03) x 10 



54l |. We take the allowed range for the calculated branching ratio as 2.85 x 10 



< 



B(6 — > S7) < 4.25 X 10 ^, taking also account of theoretical uncertainties. 



Upper bounds of the branching ratios of the fi -^ 67, t ^ fi'-f and r ^ 67 decays for the 
MSSM with right-handed neutrinos and SUSY GUT cases: B(/i -^ 67) < 1.2 x 10"^^ 



55], B(r -^ /i7) < 6.8 x 10"^ |56| and B(r -^ 67) < 1.1 x 10"^. |57| 



Upper bounds of EDMs of Hg, the neutron and the electron: \dug\ < 2.1 x 10 e-cm 



58], \dn\ < 2.9 X 10-26e ■ cm J59| and |4| < 1-6 x lO'^^e ■ cm |60|. 



^ We have carried out a preliminary analysis of the flavor signals for the case with non-universal A terms, 
where Aq, clq, bq, cq and dg in Eq. ([M|l are free 0(1) parameters with small number of samples. We 
have found that the EDMs become too large in most of the parameter sets chosen at random. The result 
of the flavor signals does not change much once the EDM constraints are applied. 
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The CP violation parameter Ek in the K^ - K° mixing {ekI = (2.232 ± 0.007) x 10 



and the B^ — B^ and the B^ — Bg mixing parameters Am^^ = 0.507 ± 0.005ps~^ 61 | 
and ArriBs = 17.77 ±0. 10 ±0.07ps^^ [62]. Theoretical uncertainties in these quantities 
are larger than the experimental ones. For the B — B mixings, la uncertainties of the 
decay constants /b^ ^ and of the bag parameters -Bs^.s are evaluated as 10 percent and 8 
percent, respectively [45(]. In the present analysis, we calculate Auib^^ with a fixed set 
of hadronic parameters as listed in Table [T] and allow ±40 percent deviations from the 
experimental central values. We expect that these ranges provide typical 2— 3cr allowed 
intervals. In addition, the ratio of the hadronic parameters ^ = fs^ \/B^s / {f Ba\/B^^ 



is evaluated with better accuracy. The uncertainty of ^ is evaluated as ±4 percent |45 |. 
Therefore we also require that the calculated ratio AmBjAniBj, which is proportional 
to ^^, be within ±20 percent range of the central value. For ek we assign ±15 percent 
uncertainty. 

CP asymmetry in the B^ -^ J/ipKs decay and related modes observed at the B 



factory experiments: sin20i|ccs = 0.678 ± 0.025 6l|]. We take the allowed range for 
the calculated value as 0.628 < Scp{Bd -^ J/ipKs) < 0.728, which is a simple 2a 
interval, since the theoretical uncertainty of this asymmetry is expected to be small. 

C. Numerical results 

1. Allowed parameter region from the radiative electroweak sym,m,etry breaking condition 

Before presenting flavor signals, we first discuss the SUSY parameter space which is 
allowed by the radiative electroweak symmetry breaking condition and experimental con- 
straints. 

In Fig. [21 we show the allowed region in the itiq and Tni/2 plane for the mSUGRA, 
MSSM with right-handed neutrinos, and SU(5) SUSY GUT with right-handed neutrinos. 
Parameters other than ttiq and mi/2 are fixed as indicated in each plot. Contours of |/i| 
determined from the electroweak symmetry breaking condition are also shown. In mSUGRA, 
the parameter region is mainly constrained by the lower limit on the chargino mass, the limit 
on the lightest Higgs boson mass, the branching ratio oih -^ s'-y decay, and the requirement 
that the lightest supersjTiimetric particle (LSP) is neutral. When the neutrino Yukawa 
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FIG. 2: (Color online) Contour plots of the value of |^| on mo and mi 12 plane for fixed tan [3 and Aq 
in mSUGRA ((a) and (b)), MSSM with right-handed neutrinos ((c) and (d)) and SU(5) SUSY GUT 
with right-handed neutrinos models ((e) and (f)). Each thick black line shows the boundary of the 
region where correct electroweak symmetry breaking occurs. In the regions below the lines labeled 
with "charged LSP" (green) in (a)-(d), the LSP is a charged particle. Boundaries of excluded 
regions which come from the chargino mass (red), the Higgs boson mass (blue) and B(& -^ 57) 
(orange) are shown in each plot. Regions excluded by the lepton flavor violating processes are also 
shown in (c)-(f) (magenta). 

couplings are relevant, the lepton flavor violating decays are enhanced. As a result, a large 
portion is excluded due to the experimental upper limit on the branching ratio of /i — *> 67 
for MSSM with right-handed neutrinos and SU(5) SUSY GUT with right-handed neutrinos. 
Notice that we take CP violating SUSY phases to be vanishing in these plots. A significant 
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potion of the parameter space is excluded due to the experimental limits on EDMs if we 
take non-vanishing SUSY CP phases. 

In the plot for mSUGRA with |y4o| = (Fig. [2](a)), the mo ^ ^1/2 region is excluded 
because the electroweak symmetry breaking cannot be satisfied, namely there is no solution 
with |yUp > for this region. The allowed region near the boundary corresponds to so- 



called "focus point" region J63j where the LSP is the lightest neutralino with significant 
higgsino component. This region is one of the favored regions in the context of the cosmic 
dark matter study [64]. The pair annihilation of the lightest neutralino into W boson or 
Z boson pair is enhanced by the gauge interaction of the higgsino component, so that the 
relic abundance of the LSP becomes suitable for the cold dark matter density. However, in 
\Ao\ = 1 case (Fig. [2](b)), such region disappears because the A-terms affect the running of 
the Higgs mass parameter mfj^ so that a sufficiently large |/ip is realized. The "focus point" 
like region disappears also in the cases with right-handed neutrinos (Fig. [21^c)-(f)), since the 
large neutrino Yukawa coupling affects the running of fn^j^ in a similar way. 

In the cases of mSUGRA and MSSM with right-handed neutrinos (Fig. [2|^a)-(d)), the 
mo <^ mi/2 region is excluded because the LSP is the lightest charged slept on. The allowed 



region near the boundary provides another dark matter favored region [65|. The coannihi- 
lation effect among the LSP (neutralino) and the next-to-LSP (slepton), which are nearly 
degenerate in mass, provides an appropriate relic abundance of LSP. On the other hand, 
in the SU(5) SUSY GUT with right-handed neutrinos (Fig. Et^e), (f)), the running between 
the Planck and the GUT scales induces positive contribution to the slepton mass squared, 
which makes the charged slepton heavier than the lightest neutralino even in the rriQ <^ rni/2 
region. Therefore "charged LSP" or "stau coannihilation" region disappears in the SU(5) 
SUSY GUT with right-handed neutrinos. 

The disappearance of the "focus point" hke region due to the effect of the neutrino Yukawa 
couplings and the disappearance of the "charged LSP" region caused by the running between 



the Planck and the GUT scales are previously observed in Ref. [26|, where the SO(IO) SUSY 
GUT is considered. 
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FIG. 3: (Color online) Branching ratios of lepton flavor violation processes ^ — > 67 (grey/red), 
r — > ^7 (light-grey/light-blue) , and t ^ ej (black) as functions of the lightest charged slepton 
mass m{li) for MSSM with right-handed neutrinos. Horizontal lines denote experimental upper 
limits. In the plot (d), /i ^ 67 and r — > 67 are strongly suppressed. In the plot (e), ;U ^ 67 and 
r — > /U7 are strongly suppressed. 

2. Lepton flavor violating /i and r decays 

There are lepton flavor mixings in the slepton sector of the MSSM with right-handed 
neutrinos and the SU(5) SUSY GUT with right-handed neutrinos. It comes through the 
running between the right-handed neutrino mass scale and the cut-off scale where the uni- 
versal soft breaking mass terms are generated. On the other hand, no such slepton flavor 
mixings exist in the mSUGRA. 

In Fig. [3] and Fig. HI the branching ratios of ;U — > 67, t ^ ^■y and r — > 67 are displayed 
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FIG. 4: (Color online) Branching ratios of lepton flavor violation processes as functions of the 
lightest charged slepton mass for SU(5) SUSY GUT with right-handed neutrinos. Notations are 
the same as those in Fig. [31 

as a function of the lightest charged slepton mass m{li) for the MSSM with right-handed 
neutrinos and the SU(5) SUSY GUT with right-handed neutrinos, respectively. For each 
model, we show the results for five cases of the neutrino masses and Yukawa coupling matrix 
as explained in Sec. IIIIBI The right-handed neutrino mass scale fipt is taken as fiR = 
4 X lO^^GeV for the normal and inverted hierarchy cases, which corresponds to the neutrino 
Yukawa couplings of 0(1). In the degenerate {m^^ = O.leV) case, we take fiR = Ix lO^^'GeV 
since the neutrino Yukawa coupling blows up below the Planck scale for fiR = Ax lO^^GeV. 
It is known that branching ratios are enhanced by a factor of tan^ (3 for large values of 
tan/3. In the presented plots, we take tan/3 = 30 except for the case of the degenerate ur 
with normal hierarchical neutrinos (Dz/^-NH) in the SU(5) SUSY GUT with right-handed 
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FIG. 5: (Color online) Correlations between B(r — > /i(e)7) and B(^ — > 67). Light-grey (light- 
blue) and black dots denote t ^ fx^ and r -^ 67, respectively. Experimental upper limits of the 
branching ratios are shown by horizontal and vertical lines in each plot. 

neutrinos, where we show the result for tan/3 = 10. When we take tan/5 = 30 for Dz//j-NH 
in the SU(5) SUSY GUT with right-handed neutrinos, almost all the data points in the 
scanned parameter space are excluded due to the B(/i — ^ 67) constraint. 

We can see that the yU — > 67 decay rate is enhanced in the normal hierarchy with de- 
generate ur cases. In fact, even for the slepton as heavy as 3TeV, B(/i — i> 67) is close to 
(or above) the experimental upper limit. After applying the constraint from B(/i —>■ ej), 
the branching ratio oi t ^ fi'-f can be 10~^ at most. On the other hand, in the inverted 
hierarchy and degenerate cases (with degenerate z/^), /i — > 67 and r — ^ 67 are relatively 
suppressed. This behavior is understood in the following way. From the neutrino Yukawa 
coupling matrix ( IT2l) and the PMNS matrix (jHj) with S13 = 0, the off-diagonal elements of 
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"UnVn are written as 

[yNVN )12 = 77-7^C0S0Catm ] , (l/Arl/7v)l3 = -77-7^C0S0Satm ] • (50) 

Therefore the 1 — 2 and 1 — 3 slepton mixings are suppressed for a larger value of 171,^^ + m,,-^ 
when ml^ — m1^ and M^ = Hr are fixed. 

In the non-degenerate vr (I) case, B(yU ^ 67) is suppressed compared to the degenerate 
vr cases, so that the constraint is weakened. In particular, there is an approximate electron- 
number conservation in the MSSM with right-handed neutrinos with the Yukawa coupling 
matrix of the structure Eq. ( IT3l) . which leads to the suppression of both fi ^ e'~f and r — > ej. 
The branching ratio of r — i> ^^7 can be as large as the current experimental upper limit. In 
the SU(5) SUSY GUT with right-handed neutrinos, the electron-number conservation is 
broken by GUT interactions. As a result, B(/i — ;> 67) can be also as large as the current 
experimental upper limit. In the non-degenerate z//j (II) cases, the role of e and fi are 
interchanged due to the Yukawa structure Eq. (IT^ . 

Correlations between B(r -^ /i(e)7) and B(/i — > 67) in the SU(5) SUSY GUT with right- 
handed neutrinos are shown in Fig. [5l Since the MEG experiment can measure B(/i — > ej) 
down to 10^^^ and the Super B factory can measure B(r -^ fi^y) and B(r — > 67) of 10~^, 
it is possible to distinguish the structure of the slepton flavor mixing if the slepton mass is 
less than ITeV. 

3. Quark flavor signals 

We show quark flavor signals in the mSUGRA, SU(5) SUSY GUT with right-handed 
neutrinos and the U(2) flavor symmetry models. In the MSSM with right-handed neutrinos, 
there is no new source of the squark flavor mixing other than the CKM matrix. The effect of 
the neutrino Yukawa couplings appears in the squark sector only through the renormalization 
of the Higgs flelds. Consequently the flavor structure of the squarks is essentially the same 
as the mSUGRA case. In fact, we have checked that the plots of the quark flavor signals 
look similar to those in the mSUGRA, except that the allowed SUSY parameter region is 
largely affected by the constraints from the LEV processes. That is why we do not show 
the plots in the MSSM with right-handed-neutrinos here. Quark flavor signals in the SU(5) 
SUSY GUT with right-handed neutrinos are affected by the existence of the neutrino Yukawa 
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FIG. 6: The direct CP asymmetry in 6 ^ 57 as functions of the hghtest down-type squark mass 
m{di) for (a) mSUGRA, (b)-(f) five cases of the SU(5) SUSY GUT with right-handed neutrinos 
and (g) U(2) model. 

coupling through the GUT running between fip and fic- Large b — s and b — d mixings in 
the right-handed down-type squark sector are induced by the large 2 — 3 and 1 — 3 mixing in 
the neutrino Yukawa coupling in the non-degenerate u^ (I) and (II) cases, respectively. In 
the degenerate u^ cases, the parameter region excluded by the /i — >• 67 constraint depends 
on the low energy neutrino mass spectrum. In particluar, the region with sizable squark 
mixings is excluded due to the strong /i — i> 67 constraint in the normal hierarchy case. On 
the other hand, region with large 2 — 3 squark mixing remains in the inverted hierarchy case. 
The U(2) model has large 2 — 3 mixings in both right-handed and left-handed squark sector 
at the cut-off scale. 

Here we show our results on the following observables. 

• The direct CP asymmetry in 6 ^ 57 decay (Fig. [6]), which is sensitive to the effect of 
new CP violating phase in 6 ^ S7 decay amplitude. 

• The mixing-induced CP asymmetry in B^ -^ K*'y (Fig. [T]). This asymmetry is en- 
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FIG. 7: The mixing-induced CP asymmetry in Bd -^ K*^ as functions of m{di) for the same 
parameter sets as those for Fig. [6l 

hanced by the b —* S'y decay amplitude with the chirahty opposite to the SM one. 

• The direct CP asymmetry in b ^ d'y decay (Fig. [H]), which is sensitive to the effect of 
new CP violating phase in b —>■ d'-f decay amplitude. 

• The mixing- induced CP asymmetry in B^ — > P7 (Fig. [H]), which is enhanced by the 
b ^ d'y decay amplitude with the chirality opposite to the SM one. 

• The mixing-induced CP asymmetry in Bd -^ (pKs decay (Fig. [TOl) . The difference 
between this quantity and the mixing-induced CP asymmetry in Bd -^ J/ipKs, 
AScp{Bd -^ (pKs) = Scp{Bd -^ (pKs) - Scp{Bd -^ J/tpKs), is sensitive to the 
new CP violating phase in 6 ^ sss decay amplitude. 

• The mixing-induced CP asymmetry in B^ —>■ J/ip(f) decay (Fig. [TT]) . which is affected 
by the new CP violating phase in Bg — Bg mixing matrix element. 

From Figs. El El [HI El [IDl and [TT], we can draw the following conclusions. For the mSUGRA 
case, we do not see significant deviations in any of above observables. In the cases of the 
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FIG. 8: The direct CP asymmetry in 6 — > ^7 as functions of m{di) for the same parameter sets as 
those for Fig. [H 



degenerate vr with normal hierarchical (light) neutrinos (Dz/^j-NH) and the degenerate vr 
with degenerate neutrinos {Dur-D) for the SU(5) SUSY GUT with right-handed neutri- 
nos, the parameter region is strongly constrained by the B(yU ^ 67) as already discussed. 
There are some points in which deviations are apparent in Scp{Bd -^ K*'y), ScpiB^ — > p7), 
AScp{Bd -^ 4>Ks) and Scp{Bs -^ J/ip(f)). These points could be distinguished by future 
measurements such as LHCb, in which the precision in the determination of the phase of 
Bs — Bg mixing matrix element is expected to be 0.01 radian level 121]. In the degenerate vr 
with inverted hierarchical neutrinos {Dvr-YB) and the non-degenerate vr (I) with normal hi- 
erarchical neutrinos (NDz/ij(I)-NII) cases of the SU(5) SUSY GUT with right-handed neutri- 
nos, the SUSY contributions to mixing-induced CP asymmetries in Bg -^ J /'4'(t>i B^ —>■ K*^, 
and Bd -^ <pKs can be significant. On the other hand, in the non-degenerate vr (II) with 
normal hierarchical neutrinos (NDi^/j;(II)-NH) case of SU(5) SUSY GUT with right-handed 
neutrinos, there is a significant SUSY contribution to b —>■ d'-f decay amplitude, so that 
Scp{Bd — > P7) can be as large as ±0.1. Large SUSY contributions can be found for almost 
all modes we analyze in the U(2) model. Only the direct CP asymmetry in 6 — > ^7 does not 
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FIG. 9: The mixing- induced CP asymmetry in B^ — > pj as functions of m{di) for the same 
parameter sets as those for Fig. [6l 

show any significant deviation from the SM. 

The correlation between 03 and AmBjAmB^ are shown in Fig. [121 AitibJ Atub^ is 
sensitive to the new physics contributions to the Bd — Bd and Bs — Bg mixing matrix 
elements unless the contributions cancel in the ratio. For the mSUGRA case, the deviation 
is negligible and the plot in this plane is the same as in the SM. The lower limit of 03 is 
determined by the constraint from Ek- In the Di/^-NB. and Dz//j-D cases of SU(5) SUSY GUT 
with right-handed neutrinos, the deviation in the correlation is not so significant. In the 
Dz/ij-IH and the non-degenerate un cases of SU(5) SUSY GUT with right-handed neutrinos, 
as well as the U(2) model, some deviations appear in the correlation plots. In the Dz/i^-IH 
and NDz//j(I)-NH cases the deviation comes from the SUSY contribution to the Bg — Bg 
mixing matrix element, while Bd — B^ receive sizable SUSY correction in NDz//j(II)-NH. In 
the U(2) model SUSY contributions show up in both matrix elements. In order to identify 
the deviation in the correlation in future, it is required that the evaluation of ^ parameter by 
the lattice QCD calculation is significantly improved and that the 03 is precisely measured 
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FIG. 10: The difference between mixing-induced CP asymmetries in the B^ — > (pKs and Bd 
J/ipKs modes as functions of m{di) for the same parameter sets as those in Fig. [6j 



from tree-level dominant processes. 

In Fig. [ini we show the correlations among Scp{Ba -^ K*'y), AScp{Ba -^ (pKs), 
Scp{Bs -^ J/ip(j)), and B(r -^ ^i^) for Dz/r-IH and NDz/r(I)-NH cases of the SU(5) SUSY 
GUT with right-handed neutrinos, where these quantities are significantly affected. We can 
see that large deviations in 6 — > s transitions occur in the region with B(r -^ fi'j) > 10~^. 
Also there is a positive correlation between S'cp(-Bd -^ K*'y) and AScp{Bd — > (pKs). 

We also calculate the branching ratio and the forward-backward asymmetry of 6 ^ sl^l^, 
which are sensitive to the amplitudes from photon- and Z-penguin and box diagrams. In 
all the cases we consider here, we find the deviations are negligible. 



4- EDM constraints 

We show the EDMs of the neutron, ^^^Hg and the electron as functions of the lightest 
down-type squark mass in Fig. [TH Here we use the NDA formula for the neutron EDM. 
Primary source of these EDMs is the phase of the Aq, since we fix the phase of the higgsino 
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FIG. 11: Predicted value of the mixing- induced CP asymmetry in Bg -^ J/ip4> as a function of 
vn{di) for the same parameter sets as those for Fig. El 

mass parameter as 0^ = in the present analysis. The EDMs for cj)^ = 0(1) are larger than 



those for - 



by one or two orders of magnitude and easily exceed the experimental upper 



limits in large portions of the parameter space. In the present case, we can see that the 
upper limit of the electron EDM mainly constrain the parameter space, while the constraints 
from other two EDMs are slightly weaker. 

Let us discuss how the possible quark and lepton flavor signals change if we use the 
formula for the neutron EDM based on the chiral perturbation theory, as mentioned in 
Sec. nil A 41 The main difference between the NDA and ChPT formulae is the treatment 
of the strange quark (chromo-)EDM. In ChPT the contribution from the strange quark is 
taken into account, while it is simply neglected in NDA. In the NDz//j(I)-NH and Dz/^j-IH of 
the SU(5) SUSY GUT with right-handed neutrinos and the U(2) cases, the 2 — 3 generation 
mixings and CP violating phases exist in both left- and right-handed down-type squark 
mass matrices, which enhance the chromo-EDM of the strange quark. Therefore, the SUSY 
contributions to the CP asymmetries in 6 — > s decays correlate to the chromo-EDM of the 
strange quark. 
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FIG. 12: Correlation between (f)-^ and ArriB^/AmB^ for the same parameter sets as those in Fig. El 
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Horizontal lines show the experimental upper limits. The neutron EDM is calculated by the NDA 
formula. 



We show the plots of the neutron EDM calculated by the ChPT formula 34] in Fig. [151 It 
can be seen that the ChPT formula leads to typically 1 — 2 orders of magnitude larger value 
of the neutron EDM than the NDA formula does, in the m{di) ~ ITeV region. Therefore, a 
larger portion of the parameter space with new CP violating phases is excluded if we adopt 
the ChPT formula for the evaluation of the neutron EDM, and possible deviations in the 
CP violation observables are also affected. 

In Fig. [ini we show the correlations between the neutron EDM calculated by the ChPT 
formula and the CP asymmetries Scp{Bd -^ K*'y), AScpiB^ -^ 4>Ks) and Scp{Bs ^ J/ipcj)). 
The correlations between the neutron EDM and the LEV decay branching ratios are also 
shown. We show the correlation plots for the U(2) model in Fig. [T71 In particular for 
the NDi/r(I)-NH and Dz/^-IH of the SU(5) SUSY GUT with right-handed neutrinos, the 
parameter region with large deviations of AScp{Bd — > (pKs) and 5'cp(-Bs -^ J/'^(p) is 
excluded if we adopt the ChPT formula for the evaluation of the neutron EDM. On the 
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FIG. 15: The neutron EDM calculated by the ChPT formula for the same parameter sets as those 
in Fig. [m 

other hand, large deviations remain for other cases. 

D. Summary of results and experimental prospects 



There are good experimental prospects for future improvements in the observables con- 



sidered above. From recent study of Super B Factories 



for 50 - 75ab"' is 0.02-0.03 for ScpiBa 



661], the precision of determination 
K*-f), 0.08-0.12 for Scp{Bd -^ pi) and 0.02-0.03 



for Scp{Bd — > 4>Ks) for mixing- induced CP asymmetries. For the direct CP asymmetries of 
the radiative B decays, the expected sensitivity reach 0.004 for Acp{b -^ 57) and 0.01 for 
Acp{b — ^ (s + d)'-f). The CP asymmetry of Bs —>■ J/ip<p mode is determined up to 0.01 from 
LHCb with 10fb~^ [12|]. The precision of the 03 determination is expected at 2.4° for LHCb 
at 10fb~^ 12], and further improvement is expected at Super B Factory. In order to extract 
new physics effect from the correlation between AnisJ ^fUB^ and 03 we need to improve 
the determination of ^ factor up to a percent level. The n —>■ e'j branching ratio will be 
searched for at the level of 10~^^ level at the MEG experiment. Current upper bounds of 
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FIG. 16: (Color online) The CP asymmetries in 6 ^ s decays and the LFV branching ratios as 
functions of the neutron EDM given by the chiral perturbation formula in SU(5) SUSY GUT with 
right-handed neutrinos, (a)-(d) and (e)-(h) are plots in the Dz^/j-IH and the NDz^/j(I)-NH cases, 
respectively. 



tuiB=30 



tLiiB=30 



T — I 1 1 I — I i| I — I i| I — I i| I I I i| I — I i| I — r-i 




1 — I 1 1 I — I i| I — I i| I — I i| I I I i| I — I i| I — r-i 





0.2 *—i LjJ— I i—U— I i—U— I ' 'I I I I J J ■ ■! ■ i_i] Sx'Z [— ■ LJ-I— I I— u— I i—U— I ' 'I ■ I ■ il ■ i_il_i i_i] Sx'Z 

10r^ 10r™ lOT™ ior" ior™ ior^ ior^ ior° lor^ ior™ ior™ ior" ior™ ior^ ior^ ior° lor^ ior™ ior™ ior" ior™ ior^ ior^ ior° 



|^«]^^^|[cc^l] 



I'* '^^wr' [ '^™] 



I'* '^^wr' [ '^™] 



(a) (b) (c) 

FIG. 17: The CP asymmetries in 6 — > s decays as functions of the neutron EDM given by the 
chiral perturbation formula in the U(2) flavor symmetry model. 



41 



B(r -^ fi'y) and B(r -^ 67) are 6.8 x 10~® and 1.1 x 10~^, respectively, at the B factory 
experiments, and future improvement by 1 — 2 orders of magnitude is expected at Super B 
factory. 

Comparing with these prospects, we can determine the significance of the deviations 
observed in Figs. [3]-[T2l Our resuhs of lepton and quark flavor signals are summarized in 
Table IVl We list various quark flavor signals in 6 — s and b — d transition for the mSUGRA, 
three cases of MSSM with right-handed neutrinos, and SU(5) SUSY GUT with right-handed 
neutrinos, and the U(2) flavor symmetry model. The /i and r LFV processes are also included 
for the cases except for the U(2) model. The observable with a mark y/ indicates that a large 
deviation is possible. The mark • means that there are some points that the deviation could 
be identified with future improvements of experimental measurements and/or theoretical 
understanding of uncertainty. From the table, we can see that significant flavor signals are 
expected in the lepton sector for the MSSM with right-handed neutrinos and the SU(5) 
SUSY GUT with right-handed neutrinos. These lepton flavour violation signals depend on 
the texture of the neutrino Yukawa coupling matrix, i.e. r —>■ fij can be large in Dun- 
IH, Dzz/j-D and NDz/r(I)-NH cases and r — i> 67 can be large in the NDz/ij(II)-NH cases 
while satisfying the present experimental bound on fi -^ 67. In Dz//j-NH cases, fi —>■ ej 
is the most promising mode among these three lepton flavour violation processes. In the 
SU(5) SUSY GUT with right-handed neutrinos, in addition to the above texture dependent 
signals, /x — > 67 can be enhanced as large as the present experimental bound due to GUT 
interactions even in the non-degenerate z//j (I) and (II) cases. As for the quark flavor signals, 
we can expect that signiflcant CP violating asymmetries in b —>■ s and b —>■ d transitions 
in the SU(5) SUSY GUT with right-handed neutrinos and in the U(2) model. The pattern 
of the deviations from the SM predictions also depends on the texture of the neutrino 
Yukawa coupling matrix in the SU(5) SUSY GUT with right-handed neutrinos. Examining 
the pattern of deviations from the SM in the quark and lepton flavor signals, we can gain 
insights on the flavor structure in the SUSY models. 

In addition to experimental progress, it is important to reduce theoretical uncertainties 
to identify the deviations. In particular, theoretical issue to predict mixing-induced CP 



asymmetries in B^ -^ K*'y [67|] and B^ -^ 4>Ks [68|| modes within the SM need to be 
clarifled because the deviation we expect is up to 10% level. 

Notice that the signiflcant flavor signals in the models with right-handed neutrinos appear 
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TABLE V: Summary of expected flavor signals for each model. "NH" , "IH" , and "D" denote normal 
hierarchy, inverted hierarchy and degenerate, respectively, for the low energy neutrino spectrum. 
The observable with a mark ^ indicates that a large deviation is possible. The mark • means 
that there are some points that the deviation could be identified with future improvements of 

experimental measurements and/or theoretical understanding of uncertainty. We do not consider 
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LFV processes for the U(2)FS model (-). 



in the case with sufficiently large neutrino Yukawa couplings, which corresponds to the right- 
handed neutrino mass scale fi^ = O(10^^)GeV. When we take a smaller value of fiR, all the 
flavor signals are suppressed. As already mentioned previously, the effects of the neutrino 
Yukawa couplings are negligibly small for ^^ ^ lO^^GeV. 

In this paper we do not include the heavy Higgs exchange contributions to various FCNC 
and LFV processes. These contributions are known to play an important role for particular 
cases of SUSY parameter sets due to large corrections to Yukawa coupling constants through 



SUSY loop diagrams [69|] . The relevant parameter set corresponds to large values of tan (3 
and relatively small values of heavy Higgs boson masses with large values of /i. The Higgs 
exchange contribution induces drastic effects in processes like Bg — * fJ'~^fJ'~ and b -^ sl^l~ 
[70| especially for a large value of tan/5 (= 50 — 60) because of a high power dependence of 
tan l3. In some restricted parts of our analysis, we may have additional flavor signals due to 
the Higgs exchange effects. 

IV. CONCLUSIONS 

We have analyzed quark flavor signals associated with b —>■ s and b ^ d transitions and 
lepton flavor violations in various cases of supersymmetric models. Extensive study is car- 
ried out in terms of observables for representative SUSY models. Our result is summarized 
in Table IVl We have improved computational methods and updated phenomenological con- 
straints from our works in previous publications. The most important effect is the inclusion 
of the constraint from the B^ — B^ mixing from recent Tevatron experiments. The maximum 
deviation for various b ^ s transition processes turn out to be 10% level, compared to the 
previous results where the deviation at the level of 50% was possible. In this work, we also 
present predictions of tau lepton flavor processes. Under the constraint oi fi -^ ej, the tau 
LFV processes are promising to look for new physics effects, which are also related to b ^ s 
and b —* d transition processes in SUSY GUT models. The pattern of deviation from the 
SM prediction provides us with an important clue on physics determining the structure of 
the SUSY breaking sector, and a future B factory plays a central role in such investigation 
along with on-going flavor experiments such as MEG and LHCb. 
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